New dioxomolybdenum (VI) on the human cell lines were identical to the activity of their corresponding ligands.
Introduction
Since first study on thiosemicarbazones activity against Mycobacterium tuberculosis [1] many other biological activities of this type molecules have been described, for instance antitumoral, antifungal and antiviral [2, 3] . Thiosemicarbazones, in their neutral or deprotonated form, behave as a ONS/NNS tridentate or tetradentate chelate towards metal ions essential for life. Important finding was that a NNS thiosemicarbazone ligand system was a common feature of all compounds with carcinostatic potency. Some thiosemicarbazones, such as marboran or triapine, are already used in medical practice.
Recent discovery of the antitumor effects of metal complexes and their potential use in cancer diseases have received increasing attention [4, 5] . Metal complexes show an activity which, if compared with that of the corresponding ligands, is of the same order of magnitude and often larger [6] .
Metal chelation is an important process useful to afford new chemical features to metal complexes in order to make them suitable for pharmacological applications. Many useful drugs contain metal-binding sites, which may alter the physiological profile of the free species. Some of them increase their activity by their ability to form chelates with specific metal ion. For example, cellular uptake of copper-chelated thiosemicarbazones is advanced over that of free ligand because of the enhanced lipophilicity of the metal-drug combination [7] .
The transition element molybdenum (Mo) is of essential importance for nearly all biological systems as it is required by enzymes catalyzing diverse key reactions in the global carbon, sulphur and nitrogen metabolism. It occurs in a wide range of metalloenzymes in bacteria, fungi, algae, plants and animals where it forms part of the active sites of these enzymes. The active site includes the metal atom coordinated to one or two pyranopterin molecules and to a variable number of ligands such as oxygen, sulphur and selenium atoms [8, 9] . Diverse class of molybdenum complexes were prepared, tested and developed for various pharmaceutical purposes, whereby their anticancer activities gained special attention. For example, tetrathiomolybdate (TM) is an anticopper drug under development for treating Wilson's disease. Its mechanism of action involves forming a tight tripartite complex in the blood with serum albumin and available copper. In addition, it has been shown that lowering copper levels with TM produces an antiangiogenic, anticancer effect, probably due to inhibition of many copper-dependent proangiogenic cytokines. Therefore, it has shown a promising role in suppressing tumor angiogenesis, retinal neovascularization, and pathologic inflammatory conditions [10, 11] .
Additionally, polyoxometalates, negatively charged inorganic substances which contain early transitional metal ions and make a cluster with the surrounding oxygen atoms are a large class of inorganic compounds with great molecular diversity and significant potential applications in chemistry and medicine [12] . Yamase [13] . Our group also showed that γ-octamolybdates containing aminoacids and peptides showed differential cellgrowth inhibition in a dose-dependent manner selectively on hepatocellular carcinoma cell line (HepG2) and breast cancer cell line (MCF-7) [14] .
Furthermore, metallocene diacido complexes containing transition metals, such as titanium, vanadium, niobium, zirconium, and molybdenum, also exhibit variable antitumor activity for a wide spectrum of murine and human tumors with reduced toxicity when compared with cisplatin [15] .
In our previous paper [16] , we have reported synthesis and characterisation of several new thiosemicarbazone derivatives, as well as strong antiproliferative activity of these compounds against several human tumor cell lines. In a continuation of our work concerning the coordination chemistry [17, 18, 19] and biological activity of thiosemicarbazones [16] we have prepared several new molybdenum(VI) complexes
(1-3 and 1a-3a) (Scheme 1).
The complexes [MoO 2 L] n (1-3, described in here-presented study and 4-8, known from our previous investigation [17, 18] ) were also tested for their antiproliferative ability against selected human tumor cell lines and compared to parent thiosemicabazone ligands. Here presented synthetic, structural and biological studies have been carried out in order to obtain information on structure-activity relationships for systems involving molybdenum(VI) ions.
Experimental
General remarks: The starting acetylacetonato complex [MoO 2 (acac) 2 ] and thiosemicarbazones (HL 1 -HL 3 ) were prepared as described in the literature [20, 16] . 
X-ray crystallography
Data collection was performed on Oxford Diffraction Xcalibur CCD diffractometer with graphite-monochromated Mo Kα radiation at 293 K, using ω-scans at crystal to detector distance of 60 mm. Details of data collection and crystal structure refinement are summarized in Table 2 .
The programs CrysAlis CCD and CrysAlis RED [22] were used for data collection, cell refinement and data reduction. The structure was solved by direct methods. Refinement procedure by full-matrix least squares methods based on F 2 values against all reflections included anisotropic displacement parameters for all non-H atoms. The positions of hydrogen atoms were determined on stereochemical grounds, each riding on their carrier atom. Calculations were performed with SHELXS97 [23] and SHELXL97 [24] (both operating under WinGX [25] program package). The molecular graphics were done with PLATON98 [26] and Mercury [27] . Selected bond distances and valence angles are listed in Table 3 .
NMR spectroscopy
One-and two-dimensional ( 1 H, APT, gCOSY, gHSQC and gHMBC) NMR spectra were recorded at ambient temperature on the Avance DRX500 spectrometer using a 5 mm diameter inverse detection probe with z-gradient. The spectra were recorded in DMSO-d 6 with the sample concentration of 20 mg mL -1 and TMS as the internal standard. Typical spectral conditions for one-dimensional 1 H and 13 C (APT) spectra were as follows. The spectra were recorded using 64K data points and spectral widths and f1, respectively. HMBC spectra were recorded using transfer delay for the evolution of long range C-H couplings of 60 ms.
Spectrophotometric experiments
The electronic absorption spectra were recorded on Varian Cary 100 Bio spectrometer, by Specfit program [28] .
Interactions with ct-DNA
The calf thymus DNA (ct-DNA) was purchased from Aldrich, dissolved in the sodium cacodylate buffer, I = 0.05 mol dm -3 , pH = 7.0, additionally sonicated and filtered through a 0.45 µm filter and the concentration of corresponding solution determined spectroscopically as the concentration of phosphates. Spectroscopic titrations were performed by adding portions of ct-DNA solution into the solution of the studied compound. Thermal melting curves for ct-DNA and its complexes with studied species were determined as previously described by following the absorption change at 260 nm as a function of temperature [16] . The absorbance of the ligand was subtracted from every curve, and the absorbance scale was normalized. Obtained T m values are the midpoints of the transition curves, determined from the maximum of the first derivative or graphically by a tangent method. Given T m values were calculated subtracting T m of the free nucleic acid from T m of complex. Every T m value here reported was the average of at least two measurements, the error in T m is  0.5 °C.
Antiproliferative activity assay.
The HeLa (cervical carcinoma), Hep-2 (laryngeal carcinoma), MCF-7 (breast carcinoma), SW620 (colon carcinoma), MiaPaCa-2 (pancreatic carcinoma) and Hep-2 
Molecular and crystal structures
Selected bond distances and angles are given in Table 3 . An ORTEP wiew of the H 2 L 2 is shown in Fig. 1 . trans influence of terminal oxo-oxygen atom bounded on molybdenum as described in literature [33] . The relative positions of the N and S atoms from thiosemicarbazone change upon complexation with molybdenum and vanadium, for example [34] . This 
Spectrophotometric properties of aqueous solutions of molybdenum(VI) complexes 1−8 in comparison to corresponding free ligands H 2 L 1 -H 2 L 8
We have chosen UV/Vis and fluorescence spectroscopy for further studies in aqueous solution since metal coordination usually has profound impact on the electronic properties of organic ligand. All studied complexes are poorly soluble in water, although significantly better than free ligands [16] . Therefore, for easier manipulation in further experiments, stock solutions of 1-8 complexes were prepared in DMSO at c = 5 ×10 -3 − 1 × 10 -2 mol dm -3 . For all experiments small aliquots of DMSO stock solutions were added into the aqueous medium to give homogeneous solutions with DMSO content of less than 5%. The UV/Vis spectra of 1-8 complexes ( 
TABLE 5
The UV/Vis spectra (Fig. 5 , Comparison of UV/Vis (Fig. 5 ) and fluorescence emission (Fig. 6 ) spectra of free ligands [16] and their molybdenum complexes dissolved in water revealed in most cases distinct differences, pointing that molybdenum complexes didn't completely dissociated into free ligands.
In addition, temperature dependent changes in the UV/Vis and fluorescence spectra of free ligands and related molybdenum(VI) complexes, were in most cases significantly different.
Obtained (Fig. 7) . Furthermore, addition of [MoO 2 (acac) 2 ]resulted in strong quenching of free ligands fluorescence (Fig. 8) . Stability constants (Ks) and the stoichiometries of L/Mo complexes were obtained by processing the titration data with SPECFIT program [28] (Table 6 ). 
TABLE 6
Results presented in Table 6 Comparison of titration results (Table 6 ) with UV/Vis and fluorimetric spectra of 1-8 complexes in water revealed several distinct differences between complexes prepared by titration and complexes resulting from dissolving the solid samples: a) batochromic shift of the free ligand UV/Vis spectrum observed in titration experiments (e.g. Fig. 7 )
was not present in comparison of UV/Vis spectrum of dissolved molybdenum complex 1 with the UV/Vis spectrum of free H 2 L 1 ; b) in UV/Vis titrations only hypochromic effects were observed, which does not agree with data presented in Table 5 Therefore, determined stability constants (Table 6 ) cannot be used to exactly calculate percentage of dissociation of 1-8 complexes upon dissolving them in water. Since there is no other experimental approach available to examine dissociation of 1-8 complexes in water, it is only possible to roughly estimate (according to logKs values in 
The effect of thiosemicarbazonato molybdenum(VI) complexes 1-8 on the proliferation of tumor and normal cells
Complexes 1-8 were tested for their potential antiproliferative effects using MTT test (as described in the Experimental section) on a panel of 6 human cell lines, 5 of which were derived from different cancer types including HeLa (cervical carcinoma), MCF-7
(breast carcinoma), SW620 (colon carcinoma), MiaPaCa-2 (pancreatic carcinoma),
Hep-2 (laryngeal carcinoma) and one from normal diploid fibroblasts, WI 38 (Table 7 ).
All tested compounds showed noticeable antiproliferative effect having IC 50 values in the low micromolar, or submicromolar range (Table 7) , whereby 5 and 7 had the most prominent activity. However, the activity of thiosemicarbazonato molybdenum(VI) complexes are almost completely identical to the activity of their corresponding ligands described previously [16] . Therefore, it seems that molybdenum does not improve the cytotoxic effect of thiosemicarbazones, which apparently have very strong activity on their own, or alternatively the fraction of 1-8 complexes is too small in the biological relevant conditions, to induce significant effects. complexes revealed distinct differences in comparison with corresponding free ligands.
The characterisation of 1-8 complexes in aqueous medium by means of UV/Vis and fluorescence spectrophotometry revealed that upon dissolving 1-8 complexes in water, most likely to some extent dissociation took place. Antiproliferative effects of 1-8
complexes on the human cell lines were identical to the activity of their corresponding ligands described previously [16] . That could be attributed to either: a) partial dissociation of 1-8 complexes under biologically relevant conditions, resulting in concentration of 1-8 complexes too low for significant biological contribution; or b) the molybdenum(VI) complexes does not improve the cytotoxic effect of thiosemicarbazones, which apparently have very strong activity on their own.
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